Residual force enhancement has been observed following active stretch of skeletal muscles and single fibres. However, there has been intense debate whether force enhancement is a sarcomeric property, or is associated with sarcomere length instability and the associated development of non-uniformities. Here, we studied force enhancement for the first time in isolated myofibrils (nZ18) that, owing to the strict in series arrangement, allowed for evaluation of this property in individual sarcomeres (nZ79). We found consistent force enhancement following stretch in all myofibrils and each sarcomere, and forces in the enhanced state typically exceeded the isometric forces on the plateau of the force-length relationship. Measurements were made on the plateau and the descending limb of the force-length relationship and revealed gross sarcomere length non-uniformities prior to and following active myofibril stretching, but in contrast to previous accounts, revealed that sarcomere lengths were perfectly stable under these experimental conditions. We conclude that force enhancement is a sarcomeric property that does not depend on sarcomere length instability, that force enhancement varies greatly for different sarcomeres within the same myofibril and that sarcomeres with vastly different amounts of actin-myosin overlap produce the same isometric steady-state forces. This last finding was not explained by differences in the amount of contractile proteins within sarcomeres, vastly different passive properties of individual sarcomeres or (half-) sarcomere length instabilities, suggesting that the basic mechanical properties of muscles, such as force enhancement, force depression and creep, which have traditionally been associated with sarcomere instabilities and the corresponding dynamic redistribution of sarcomere lengths, are not caused by such instabilities, but rather seem to be inherent properties of the mechanisms of contraction.
INTRODUCTION
It has been known for a long time that when an activated muscle is stretched its force increases, and although the precise nature of this increase remains a matter of debate (e.g. Pinniger et al. 2006) , it was conceptually incorporated into the general behaviour of muscle contraction through the force-velocity relationship (e.g. Hill 1938) and is accounted for in the cross-bridge theory (Huxley 1957) . Similarly, when a muscle is actively stretched, and then held at the stretched length long enough for all transient force response to disappear, the isometric steadystate force at the stretched length is greater than the steady-state isometric force at that same length for a purely isometric contraction (figure 1). This observation has first been described systematically by Abbott & Aubert (1952) , and has been referred to as residual force enhancement (Edman et al. 1982) . In contrast to the force increase during stretch, the residual force enhancement following stretch has not been accounted for in the cross-bridge theory (Huxley 1957 (Huxley , 1969 Huxley & Simmons 1971; Rayment et al. 1993) . In fact, it can be shown that crossbridge models are unable to predict residual force enhancement, except if one allows for muscle stretch to change the kinetics of the cross-bridge cycle permanently (Walcott & Herzog 2006) .
Residual force enhancement is known to increase with the magnitude of stretch (Abbott & Aubert 1952; Edman et al. 1978; Herzog & Leonard 2002 , at least to a certain threshold value (Bullimore et al. 2007 ), appears to be independent of the speed of stretch (Edman et al. 1982) and is sensitive to the initial length of the muscle (Edman et al. 1978 (Edman et al. , 1982 . Residual force enhancement is long lasting (more than 20 s in cat soleus; Herzog & Rassier 2002) , but can be abolished by deactivating the muscle long enough for force to drop to zero (Abbott & Aubert 1952; Morgan et al. 2000) . It occurs in human muscles activated electrically (De Ruiter et al. 2000) and voluntarily (Lee & Herzog 2002) , isolated muscle preparations (e.g. Abbott & Aubert 1952; Herzog & Leonard 2002) and single fibre or fibre bundle preparations (Edman et al. 1978 (Edman et al. , 1982 Sugi & Tsuchiya 1988; Bagni et al. 2002 Bagni et al. , 2004 . Despite an abundance of experimental observations, the mechanisms underlying residual force enhancement remain a matter of debate (Herzog & Leonard 2006; Morgan & Proske 2006) .
It has been suggested that residual force enhancement has a passive and an active component (Edman et al. 1978; De Ruiter et al. 2000; Herzog & Leonard 2002; . The passive component has been associated with the molecular spring titin and its interaction with calcium upon activation (Bagni et al. 2002 (Bagni et al. , 2004 Labeit et al. 2003; Joumaa et al. 2007) . The active component is associated with the so-called sarcomere length nonuniformity theory (Morgan 1990 (Morgan , 1994 Morgan et al. 2000) . This theory is based on the idea that sarcomeres on the descending limb of the force-length relationship are unstable as suggested by Hill (1953) , and when stretched, this instability will cause differential elongation of sarcomeres: some might hardly be stretched at all, while others are stretched beyond actin-myosin filament overlap and are only held in force equilibrium with the 'active' sarcomeres by their passive forces (e.g. Morgan et al. 2000; Morgan & Proske 2006) . However, recently, we demonstrated that sarcomeres can be perfectly stable on the descending limb of the force-length relationship in a single myofibril preparation (Rassier et al. 2003a ), but we were unable to measure force and sarcomere length simultaneously. Therefore, force enhancement could not be determined. Others have measured force and sarcomere length simultaneously in myofibril preparations following stretch (Telley et al. 2006 ), but they did not wait long enough (1s) for force to reach steady-state values and sarcomeres to finish the transient length changes associated with myofibril stretching; thus no insight into force enhancement was obtained.
The determination of force enhancement in single myofibrils is crucial for many reasons: first, if there was force enhancement in myofibrils, it would be possible to eliminate extra-sarcomeric structures as a cause; second, if there was force enhancement in the presence of steady sarcomere lengths, we could eliminate sarcomere length instability as a mechanism; third, since sarcomeres are mechanically arranged in series within a myofibril, measuring the force at the end of a myofibril gives the instantaneous force in each sarcomere; and finally, by measuring individual sarcomere lengths, it would be possible to calculate force enhancement for individual sarcomeres, thus providing novel insight into how force enhancement may affect the basic contractile unit of muscle.
MATERIAL AND METHODS
(a) Extraction of single myofibrils and experimental set-up Strips of rabbit psoas were dissected and tied to small wooden sticks. These samples were stored in a rigor/glycerol (50: 50) solution at K208C. On the day of the experiments, the muscle strips were cut into pieces of approximately 2 mm length using a razor blade and subsequently blended using previously described protocols (Rassier et al. 2003a ). The blended muscle was then put into a chamber whose bottom was a glass cover-slip placed on top of an inverted microscope (Zeiss, Axiovert 200M, Germany) . After a sufficient time for stabilization (5-10 min), the rigor solution was replaced with a relaxing solution, and myofibrils in suspension were washed away leaving those attached to the bottom of the experimental chamber. A myofibril with a good striation pattern was then selected and attached to a glass needle and motor at one end, and to a pair of nano-levers (Bartoo et al. 1993 ) that allowed for myofibril force measurements at the other end.
The image of the attached myofibril was projected onto a high-density linear photodiode array (Schafter and Kirschoff Model SK10680DJR, Hamburg, Germany, resolution: 6 nm) to give tracings of the myofibrillar striation pattern for identification of the A-and I-bands and the Z-lines. Sarcomere lengths were calculated from Z-line to Z-line, or when these could not be identified reliably, from the centroids of adjacent A-bands. Half-sarcomere lengths were calculated from the Z-line to the centroid of the corresponding A-bands.
(b) Protocol Once a myofibril was ready for mechanical testing, and a clear striation pattern could be observed, a 10 min rest was given and then the relaxing solution was replaced by the activating solution causing contraction of the myofibril. Six myofibrils were tested isometrically at an average sarcomere length of 2.4 and 3.4 mm and the active and passive forces were determined. A further 12 myofibrils were activated isometrically at a short length, then stretched while activated and then held isometrically for another 30 s until force transients had disappeared. Six of these myofibrils were stretched from a nominal average sarcomere length of 2.4 to 3.4 mm, while the remaining six myofibrils underwent a series of stretches, starting at different average sarcomere lengths and being subjected to variable stretch magnitudes (between 12 and 38% of the initial sarcomere length). For all myofibrils, the mid-diameter was measured using a calibrated eyepiece, and myofibril cross-sectional areas were calculated assuming a cylindrical myofibril shape. Forces were normalized relative to the cross-sectional areas to provide myofibril stress, which allowed for comparison of differently sized preparations.
(c) Solutions The rigor, relaxing and activating solutions were identical to those described previously in our studies (e.g. Rassier et al. 2003a ). Figure 1 . Force-time histories obtained from a single fibre of frog tibialis anterior for two isometric contractions at optimal (solid line) and final (dotted line) lengths, and for a contraction in which the preparation was stretched from the optimal to the final length (dashed line) (Rassier et al. 2003b) . The stretch magnitude corresponded to 10% of the fibre length and was performed at a speed of approximately 20% fibre length s
K1
. Following stretch, the fibre was held long enough for all force transients to disappear, so that the steadystate forces could be compared. The increase in isometric force following the stretch compared with the isometric force at the final length is defined as the residual force enhancement. The increase in isometric force following the stretch compared with the isometric force obtained at the optimal sarcomere length indicates the increase in force above the plateau of the force-length relationship.
(d) Definition of force enhancement Force enhancement for the myofibril preparation was defined as the difference in the steady-state isometric force following the stretch (test) contraction, and the purely isometric (reference) contraction at the corresponding length (i.e. length at the end of the stretch), or as the difference in steady-state isometric force obtained prior to stretch and the corresponding force after stretch corrected for the average sarcomere lengths in the myofibril prior to and following stretch and accounting for the loss of myofilament overlap during stretch in accordance with Gordon et al. (1966) but scaled to the actin-myosin lengths of rabbit skeletal muscle (Page & Huxley 1963; Herzog et al. 1992) .
Force enhancement for individual sarcomeres was obtained in the same way as defined for the whole myofibril with the exception that the individual sarcomere lengths and the corresponding filament overlap (Page & Huxley 1963; Herzog et al. 1992) and expected force for the reference and test contractions were accounted for individually. This had to be done as sarcomere length in the reference and test contractions could not be assumed to be the same, despite the same myofibril length, and because sarcomere lengths increased for all sarcomeres in each myofibril during stretching.
RESULTS
Myofilament lengths in rabbit skeletal muscles are 1.65 mm for myosin and between 1.07 and 1.09 mm for actin (Page & Huxley 1963; Herzog et al. 1992 ). Therefore, assuming an actin length of 1.08 mm, the plateau of the sarcomere force-length relationship occurs between 2.26 mm (twice the actin filament length plus the width of the Z-line, 0.1 mm) and 2.43 mm (2.26 mm plus the width of the bare zone in the middle of myosin-0.17 mm; Herzog et al. 1992) . Similarly, the end of the descending limb of the force-length relationship occurs at 3.91 mm (twice the actin length, plus the length of myosin, plus the width of the Z-line). Isometric reference measurements at mean sarcomere lengths of 2.4 and 3.4 mm gave average steady-state stresses of 194 and 43 kN m K2 , respectively (figure 2), thereby confirming expected maximal values at optimal length reported for mammalian skeletal muscles, when due account is taken of the temperature (218C) at which the experiments were performed (Ranatunga & Wylie 1983) , and approximating the expected linear decrease in force with loss of myofilament overlap at increasing sarcomere lengths (Gordon et al. 1966) .
All myofibrils showed residual force enhancement (figure 3) averaging (meansGs.d.) 328G250 kN m K2 or 386G251% of the isometric reference forces. Similarly, all individual sarcomeres of all myofibrils showed force enhancement (figure 4), but sarcomeric force enhancement within the same myofibril differed substantially owing to the different lengths of sarcomeres prior to and following stretch (figure 3). For 11 out of the 12 myofibrils, stretching resulted in residual force enhancement whose forces were greater than the isometric reference forces at optimal sarcomere length. The average force enhancement above plateau for the 12 myofibrils was 106G85%, or essentially a doubling of the maximal isometric forces obtained for the purely isometric reference contractions, for an average stretch of 35G15% of the initial sarcomere length.
Sarcomere lengths prior to and following stretch were non-uniform, and for the stretch magnitudes used here, all sarcomeres elongated during myofibril stretch, albeit not necessarily by the same amount (figure 3). Statistical analysis of the slopes of the sarcomere lengths versus time graphs for the last 10 s of 'steady state' revealed that 55 sarcomeres had a zero slope, 18 sarcomeres had a small positive slope and 6 had a small negative slope. However, all positive slopes were so small that it would have taken minutes to pull these sarcomeres beyond myofilament overlap (3.91 mm). In order to investigate whether the observed sarcomere length changes were small, random fluctuations or systematic instabilities in the sense of Hill (1953) and Morgan et al. (2000) , the shortest and longest sarcomeres in each myofibril were considered further. The instability theory states that long sarcomeres are weak and short are strong on the descending limb of the forcelength relationship (Hill 1953) , and predicts the short (strong) sarcomeres to shorten and the long (weak) to be stretched and pulled beyond overlap (Morgan et al. 2000; Morgan & Proske 2006) . However, this expected pattern was never observed in any of the 12 myofibrils, while the opposite, the shortest sarcomere being stretched and the longest shortening, was observed in one myofibril (figure 5). Therefore, any small remnant shortening or stretch of individual sarcomeres seemed to be random and not associated with sarcomere length instabilities as predicted by Hill (1953) .
Force enhancement has been shown to increase with increasing stretch magnitudes and increasing initial sarcomere lengths (Abbott & Aubert 1952; Edman et al. 1982) . In this study, sarcomeric force enhancement was positively correlated with initial sarcomere lengths (figure 6a), but not stretch amplitude (figure 6b) as one might have expected, except for single sarcomeres of . Stresses (total force/cross-sectional area) of single myofibrils (nZ6) at average sarcomere lengths of 2.4 and 3.4 mm. The dashed line represents the predicted force for a sarcomere length of 3.4 mm based on the force-length relationship and the actual forces observed at 2.4 mm. Note that the stress was much greater at 2.4 than 3.4 mm, thereby indicating that all stretch experiments were performed on the descending part of the force-sarcomere length relationship. Single myofibrils were obtained from rabbit psoas and all experiments were performed at a temperature of 218C. myofibrils for which the stretch magnitude was small (figure 6c; four sarcomeres from a single myofibril that was stretched by 12% of its initial length).
Since sarcomere length stability was observed in all myofibril preparations, but sarcomere lengths prior to and following stretch were not uniform, sarcomeres at different lengths on the descending limb of the force-length relationship, and thus presumably different actin-myosin overlap, supported the same amount of force. One might argue that this is caused by differences in the contractile materials within neighbouring sarcomeres. However, if that is the case, sarcomere lengths should remain at a constant ratio on the descending limb of the force-length relationship, but that is not necessarily what happens (figures 5, 7a and 8a,b). Furthermore, corresponding half-sarcomeres that share the central myosin filament, and thus would be expected to have identical contractile material on each side of the half-sarcomere, also do not necessarily support the same amount of force on the descending limb of the force-length relationship (figure 9).
DISCUSSION
Here, we provide first direct evidence of residual force enhancement in single myofibrils and individual sarcomeres, and further show that the isometric forces obtained at average sarcomere lengths corresponding to optimal actin-myosin overlap can be more than doubled if the isometric steady-state conditions are preceded by an appropriate stretch (35G15% of the initial sarcomere length). These findings are qualitatively consistent with earlier observations for in situ muscles (e.g. De Ruiter et al. 2000; Lee & Herzog 2002) , isolated muscles (e.g. Abbott & Aubert 1952; Herzog & Leonard 2002) and single fibres or fibre bundles (Edman et al. 1978 (Edman et al. , 1982 Sugi & Tsuchiya 1988) , although the magnitudes achieved are somewhat greater in single myofibrils than those in any previously investigated preparation.
Recently, Telley et al. (2006) measured simultaneous force and sarcomere lengths in single myofibril preparations with the aim to assess sarcomere and half-sarcomere dynamics during stretch. They observed myofibrils for just 1s following stretch when force was still in its transient decay and sarcomere lengths were not constant; therefore, residual force enhancement could not be determined. However, their data for the stretch and initial transient phase are similar to ours, and there is reason to believe that they would have found residual force enhancement in their preparations as we did here. Their measurements were typically made at shorter sarcomere lengths than ours, thereby suggesting that our findings on the descending limb would probably also hold for the plateau region of the sarcomere force-length relationship.
The residual force enhancement, calculated for individual sarcomeres according to the force-length relationship, varied within a given myofibril. This is explained by the fact that sarcomere lengths prior to and following myofibril stretch were non-uniform and that the stretch magnitudes for the individual sarcomeres were not necessarily the same (figures 3, 5 and 8). Sarcomere forces in the enhanced state often exceeded the forces obtained at optimal sarcomere lengths. It has been found that the magnitude of stretch and the length of a muscle or fibre prior to stretch are related to the magnitude of the force enhancement (Abbott & Aubert 1952; Edman et al. 1978 Edman et al. , 1982 Herzog & Leonard 2002) . However, in this study only the initial sarcomere lengths were loosely but statistically significantly correlated with the amount of force enhancement (figure 6a), while the magnitude of sarcomere stretch was not (figure 6b). The lack of Sarcomere lengths are non-uniform for the isometric contraction prior to stretch and remain non-uniform following stretch. Stresses increase during stretch dramatically and remain greater after stretch (for at least 25 s) than the forces prior to stretch, and greater than the expected forces (based on myofilament overlap for the average sarcomere length) at optimal length (e o ) and final length achieved after the stretch (e f ). correlation between stretch magnitude and sarcomeric force enhancement was surprising and is inconsistent with most previously published observations. However, Bullimore et al. (2007) showed that although force enhancement and stretch magnitude were well correlated for stretches of approximately 25% of the optimal fibre length, once stretch magnitudes were beyond 25%, force enhancement remained approximately constant or even decreased slightly. The stretch magnitudes used in our preparations for 8 out of the 12 myofibrils exceeded 25%; therefore, stretch magnitude and force enhancement might not have been correlated in this study owing to the great stretch magnitudes used in two-thirds of the tests. This hypothesis is strengthened by the correlation obtained between the force enhancement and the amplitude of the stretch within a myofibril where the average stretch magnitude was only 12% (figure 6c).
Residual force enhancement in muscles and single fibres typically does not exceed 50%. However, here we measured enhanced forces for single myofibrils and sarcomeres, which often were more than twice those measured on the plateau. Comparable force enhancement magnitudes have been observed in isolated fibre preparation treated with great amounts of 2,3-butanedione monoxime (BDM; Bagni et al. 2002 Bagni et al. , 2004 Lee et al. 2007) , or for fibres stretched to great final sarcomere lengths (Edman et al. 1982) . BDM limits cross-bridge attachment in the strongly bound state by inhibiting phosphate release (Herrmann et al. 1992) , thereby biasing the ratio of weakly to strongly bound cross-bridges towards the weakly bound state. This bias is associated with a great decrease in force, but only a small decrease in stiffness, as weakly bound cross-bridges are not expected to contribute (much) to force, but they contribute to the stiffness of fibres (Herrmann et al. 1992; Regnier et al. 1995) . The great magnitudes of force enhancement in BDM-treated preparations might be explained if we assume that there is a stretch-induced change in the ratio of weakly to strongly bound cross-bridges.
However, the single myofibrils were not treated with BDM. At this point, it is not clear why force enhancement in the myofibrils and sarcomeres is very much greater than that in the single fibre or muscle preparations. However, several possibilities exist. For example, all experiments were performed at less than 228C, which is cold for mammalian muscles such as the rabbit psoas used in this study. Cold temperatures have been associated with a bias of the weakly to strongly bound cross-bridges towards the weakly bound state (Decostre et al. 2005; Linari et al. 2005) , similar to what has been observed for BDMtreated preparations. Therefore, the results observed here might be associated with temperature. Figure 5 . Sarcomere lengths as a function of time for two sarcomeres from the same myofibril. The two sarcomeres are those that end up being the longest and shortest following active myofibril stretching. Note that the stretch magnitude is substantially different for the two sarcomeres and that the shorter sarcomere prior to stretch becomes the longer sarcomere following stretch. Note further that the long sarcomere after stretch is not pulled beyond myofilament overlap by the short sarcomere. Rather, the long sarcomere is slightly shortening towards the end of the contraction at the expense of the short sarcomere that is slowly elongating. Normalized force enhancement as a function of sarcomere stretch magnitude for all sarcomeres from the 12 myofibril preparations. There was no statistically significant relationship between these two variables for the conditions of this test. (c) Force enhancement as a function of sarcomere stretch amplitude in a given myofibril, where the total stretch magnitude was small (12% of the initial sarcomere length). For this scenario, there is a positive correlation between sarcomere stretch and force enhancement (r Another possibility for the great force enhancement could be the lengths at which the final force enhancement measurements were made for many of the sarcomeres (greater than 3.4 mm). For example, Edman et al. (1982) obtained force enhancement in excess of 60% in single fibre preparations at sarcomere lengths of approximately 2.8 mm (estimated from their fig. 3A ). They further demonstrated a consistent increase in force enhancement with increasing stretch magnitudes and final sarcomere lengths, thereby suggesting that had they increased stretch magnitude or made measurements at sarcomere lengths greater than 2.8 mm, force enhancement could easily have reached values in excess of 100%. In our case, many of the final sarcomere lengths were greater than 3.4 mm, which gives reference forces of approximately 34% of the maximal isometric force at the plateau of the force-length relationship. For the case of Edman et al. (1982) , a 60% force enhancement at 2.8 mm would have resulted in a 244% force enhancement at 3.4 mm in their preparation, assuming that the absolute force enhancement remained about the same, a conservative estimate, as they showed increasing absolute force enhancements with increasing final sarcomere lengths. Thus, a probable explanation for the vast force enhancements observed in this study is the fact that final sarcomere lengths were often very long and the associated isometric references forces were small. However, comparison with the literature is not possible at this time, as consistent force enhancements at sarcomere lengths of 3.4 mm or more have not been made.
Myofibrils are ideal preparations to determine the mechanical properties of individual sarcomeres, as sarcomeres are arranged strictly in series. That means, at any given time, the force transmitted by one sarcomere has to be the same as that of any other sarcomere, which has to be the same as the force measured at the end of the myofibril. Therefore, and in accordance with the sliding filament and cross-bridge theories, one would expect all sarcomeres to be of the same length on the descending limb of the force-length relationship so that myofilament overlap, and therefore steady-state force, would be the same for all sarcomeres. However, this was not the case. For example, Figure 9 . Short and long half-sarcomere lengths from an exemplar myofibril tested in this study. The shortest and longest half-sarcomeres are approximately 0.95 and 1.4 mm, while some half-sarcomeres are at optimal length for maximal force production based on the myofilament overlap theory (1.13-1.22 mm). Despite these differences that correspond to an expected force difference from the strongest to weakest half-sarcomere of approximately 30%, all half-sarcomeres were perfectly stable while supporting identical forces.
as shown in figure 7 , the shortest sarcomere after stretch (approx. 2.7 mm) would be expected to produce approximately 80% of its maximal isometric force, while the longest sarcomere (approx. 3.3 mm) would be expected to produce approximately 40% of its maximal isometric force, a difference of 100% in force production ability between these two sarcomeres. Both sarcomeres were isometric when the measurements were made (figure 7a), and this difference is not consistent with the myofilament overlap theory (Gordon et al. 1966) .
One might explain the difference in sarcomere lengths (for the same isometric force) with a difference in the number of contractile proteins in one sarcomere compared with the other. For example, if one sarcomere had 20% more contractile proteins, it should be able to produce the same amount of force on the descending limb of the force-length relationship as another sarcomere even if its length was 20% greater than that of the other sarcomere. However, if this was the case, then length increases during myofibril stretching should be proportional, so that this explanation holds for the entire range of the descending limb of the force-length relationship. However, there are numerous examples where this is not the case; one such example is shown in figure 5 and another two in figure 8 . In each case shown (figures 5 and 8), the short sarcomere prior to stretch becomes the long sarcomere after stretch. Since all sarcomeres are always on the descending limb of the force-length relationship (i.e. starting sarcomere lengths are greater than 2.43 mm), the results observed here cannot be explained by differences in contractile proteins between sarcomeres. This conclusion is further supported by pairs of sarcomeres starting at the same length prior to stretch and ending up at different lengths after stretch, or sarcomeres of different lengths prior to stretch ending up at the same length after stretch, observations that were made in this study (not shown) and observations made by us previously (Rassier et al. 2003a ; their figures 3a and 4a, respectively).
Another possibility could be that differences in sarcomeric passive forces might account for the observed results. However, if this were the case, one would not expect the length reversal during stretch of the pairs of sarcomeres shown in figures 5 and 8. Furthermore, the average passive forces at sarcomere lengths of 3.0-3.2 mm have been reported to be approximately 5-10% of the maximal active isometric force at optimal sarcomere lengths (Bartoo et al. 1997) . Following active stretching from 2.4 to 3.4 mm, as was done in this study, the passive forces (including the passive force enhancement; Herzog & Leonard 2002) were 18% of the maximum isometric forces at the plateau of the force-length relationship . If it was assumed that a short sarcomere had no passive forces while a long one had the full 18%, an unlikely scenario, it still could not explain the force difference (up to 68% of the maximum isometric force) found here based on the observed sarcomere length non-uniformities.
Finally, one could argue that active force production just depends on one half of the sarcomere, while the other half produces much of its force passively. However, if that was the case, then, in accordance with the myofilament overlap theory, all short (and therefore strong) halfsarcomere lengths should be the same; however they are not as shown in figure 9 . Furthermore, all long (and therefore weak) half-sarcomeres should be pulled beyond myofilament overlap, and would be expected to be at similar lengths, which they are not. In fact, for the six sarcomeres from a single myofibril shown in figure 9 , the biggest difference in half-sarcomere lengths is observed in sarcomere 3 and amounts to approximately 0.4 mm. Some of the half-sarcomeres shown in figure 9 correspond to optimal myofilament overlap (e.g. short halfsarcomere 6) and they should be at a length of maximal isometric force capabilities, while other sarcomeres are much shorter (short half-sarcomere 4) or longer (long half-sarcomere 3), and their force capabilities based on the myofilament overlap theory (Gordon et al. 1966) should be approximately 69 and 75% of maximum. Therefore, we conclude that not only sarcomeres but also halfsarcomeres have force behaviour that cannot be explained with the theory of myofilament overlap (Huxley & Hanson 1954; Huxley & Niedergerke 1954) .
In order to further characterize the mechanical behaviour of half-sarcomeres, we determined the modulus of elasticity for 12 half-sarcomeres in a myofibril with a clearly discernible Z-line pattern. We found that the modulus of elasticity, calculated as the ratio of the change in stress and half-sarcomere strain, was greater in the long compared with the short half-sarcomeres (table 1) . Thus, differences in half-sarcomere lengths decreased after the stretch, and long half-sarcomeres seem to be endowed with a higher stiffness than short sarcomeres. This result is consistent with the observations of Edman et al. (1982) in single fibres and Telley et al. (2006) in isolated myofibrils who suggested that stretch has a stabilizing effect on sarcomere dynamics on the descending limb of the force-length relationship. As a consequence, long halfsarcomeres resist stretch more than short half-sarcomeres, and thus they cannot be pulled easily beyond myofilament overlap as proposed by the sarcomere length instability theory (Morgan 1990 ). Table 1 . Half-sarcomere lengths before and after stretch in a myofibril of six sarcomeres. Note that half-sarcomeres before stretch were non-uniform. The difference in length between long (L) and short (S) half-sarcomeres in a sarcomere is reduced after stretch. In most half-sarcomeres, the elasticity modulus (E ) of long half-sarcomeres is higher than that of the short ones. This might be explained by differences in the proportion of two coexisting titin isoforms in half-sarcomeres. Stiffness in active myofibrils can be attributed to the proportion of attached cross-bridges, and passive structures, most notably in myofibrillar preparations, the titin filaments. The proportion of attached cross-bridges would be expected to be greater at short compared with long half-sarcomere length on the plateau and descending part of the force-length relationship, and thus is unlikely to explain the differences in stiffness, except if we assume that increased length favours cross-bridge attachment, an intriguing, but as yet, unproven idea. Alternatively, the differences in stiffness could be caused by passive structural proteins. Rabbit psoas muscle expresses two isoforms of titin, which are also observed in single psoas fibres (Neagoe et al. 2003) . Furthermore, Trombitas et al. (2001) showed that a half-sarcomere could coexpress different titin isoforms; thus differences in half-sarcomere stiffness could be caused by changes in the ratio of coexpressed titin isoforms, an idea that needs independent evaluation.
CONCLUSION
From the results of this study, we conclude that there is force enhancement in single myofibrils and forces in the enhanced state are more than twice those at the plateau of the force-length relationship. Furthermore, there is residual force enhancement in all individual sarcomeres in a myofibril following active stretch; this force enhancement is derived from the sarcomere force-length relationship (Gordon et al. 1966) and varies substantially between sarcomeres, and is not associated with the magnitude of sarcomere stretch (except for sarcomeres in a given myofibril for which stretch magnitudes were small), but is significantly related to the sarcomere length prior to stretch. Finally, we confirm previous results that sarcomeres in a myofibril preparation are highly non-uniform but perfectly stable on the descending limb of the force-length relationship, and that sarcomeres and halfsarcomeres, at different lengths (and therefore different actin-myosin overlap), produce the same amount of steady-state isometric force. The expected sarcomere force differences on the descending limb of the forcelength relationship (Huxley 1957; Gordon et al. 1966) do not exist, and this result cannot be explained at present with differences in the number of contractile proteins across sarcomeres, passive forces or systematic changes in the half-sarcomere dynamics.
